Correction. In the article "Role of positive charge on the amino-terminal region ofthe signal peptide in protein secretion across the membrane" by Sumiko Inouye, Xavier Soberon, Thomas Franceschini, Kenzo Nakamura, Keiichi Itakura, and Masayori Inouye, which appeared in number 11, June 1982, of Proc. NatL Acad. Sci. USA (79, 3438-3441), an incorrect version of Fig. 1 was printed by mistake. The correct figure is printed below.
WILD TYPE 1 5 F (6) are marked by a dot. Amino acid residues changed as a result of mutations are boxed.
Correction. In the article "Amino acid sequence of mouse submaxillary gland renin" by Kunio S. Misono, Jin-Jyi Chang, and Tadashi Inagami, which appeared in number 16, August 1982, of Proc. Natl. Acad. Sci. USA (79, 4858-4862), the authors request that the following correction be noted. The Mr of the heavy chain in the reduced form was given incorrectly as 31,036 in line 4 of the Abstract (p. 4858) and in line 4 ABSTRACT The positively charged amino-terminal region of the signal peptide has been proposed to have an important role at an initial step of protein secretion across the membrane (loop model). To test this hypothesis, the charge on the amino-terminal region ofthe signal peptide ofthe prolipoprotein ofthe Escherichia coli outer membrane was altered by using synthetic oligonucleotides from +2 to + 1, 0, and -1 by guided site-specific mutagenesis of a plasmid DNA carrying an inducible lipoprotein gene. The wild-type sequence ofthis section, Met-Lys-Ala-Thr-Lys (+2), was thus changed to Met-Lys-Asp-Thr-Lys (I-1; + 1), Met-Ala-Thr-Lys (I-2; + 1), Met-Asp-Thr-Lys (I-3; 0), and Met-Glu-Asp-Thr-Lys (I4; -1). (1) . These common features substantiate a model (loop model) originally proposed to explain the functions of the signal peptide (2) . In this model, the positively charged amino-terminal region allows the attachment initially of the signal peptide and consequently of the polysome to the negatively charged inner surface of the cytoplasmic membrane by ionic interaction (1) . Subsequently, the next hydrophobic section of the protein is inserted into the cytoplasmic membrane, thus forming a loop at the signal peptide (1, 3) . This model contradicts the linear model in which the signal peptides are secreted linearly across the membrane (4) .
We have examined the role of the positive charge on the amino-terminal region of the signal peptide during protein secretion. For this purpose, we changed the charge on the aminoterminal region of the prolipoprotein of the Escherichia coli outer membrane from +2 to + 1, 0, and -1. We found that, when the charge was -1, a large amount of the glycerol-unmodified prolipoprotein accumulated in the cytoplasm. This soluble prolipoprotein was gradually secreted across and assembled into the membrane. These results support the loop model.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. E. coli K-12 strain JA221 (hsdM+hsdRileuB6 lacY A trpE5) was used. JA221 lpp-was isolated from JA221 as a globomycin-resistant mutant on an Lbroth plate. JA221 Ipp-/F'laciq lacZ' lacY+ proA+ proB+ was obtained by transferring F prime factor from X90 (ara lac-pro nalA argEam rtfr thi)/F' laCiq lacZ+ proA+ proB+ (obtained from J. Beckwith, Harvard University) into JA221 lpp-.
Cells were grown in M9 medium supplemented with glucose (4 mg/ml), leucine (20 ,g/ml), tryptophan (20 ,ug/ml), methionine (2 ,ug/ml), thiamin (2 ,ug/ml), and MgSO4-7H20 (200 yg/ml). Ampicillin (50 ,g/ml) was added for growth of the plasmid-harboring bacteria. Plasmid pKEN125 (3.9 kilobases) was used for guided sitespecific mutagenesis. This plasmid was derived from pBR322 and carried an inducible lpp gene. This gene was constructed by inserting a DNA fragment carrying the lacUV5 promoteroperator region as a transcriptional control switch into the 5'-untranslated region of the lpp gene (5). JA221 Ipp-/F'laciq was used as a recipient and, in the absence of a lac inducer, the production of the lipoprotein was negligible. Addition of isopropyl-,B3D-thiogalactoside (iPr-S-Gal; Sigma) induces lipoprotein production to =4 times that of the Lpp+ wild-type cells.
Guided Site-Specific Mutagenesis. Mutagenesis was carried out by using synthetic oligonucleotides ( Fig. 1 Ala-Thr-Lys-Leu -Val-Leu -Gly-Ala-Val-Ile -Leu-Gly-Ser-Thr-
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Leu-Leu-Ala-Gly (2). According to the loop model for the mechanism ofprotein secretion across the membrane, the +2 charge from the two lysine residues in the amino-terminal region plays an important role at an initial step of protein secretion. To examine the effects of the charge of this section, guided site-specific mutagenesis was carried out using the synthetic oligonucleotides shown in Fig. 1 . Oligonucleotide 1, a 16-mer, has a mismatch in the codon for alanine-3. This mismatch alters alanine to aspartic acid, resulting in a change in the net charge of this section from +2 to + 1. Oligonucleotide 2, a 19-mer, has a three-base deletion at the codon for lysine-2, thus changing the net charge from +2 to + 1. Oligonucleotide 3, a 16-mer, has the mutations carried by both oligonucleotides 1 and 2, resulting in a change in the net charge from +2 to 0. Oligonucleotide 4, a 15-mer, has mismatches in the codons for lysine-2 and alanine-3. These mismatches cause alterations of lysine to glutamic acid and alanine to aspartic acid, resulting in a change in the net charge from +2 to -1. These oligonucleotides were used for guided site-specific mutagenesis as described in Materials and Methods. Detection of the desired mutants was carried out by colony hybridization in which individual 32P-labeled oligonucleotides were used as probes. Yields of positive colonies were 1.5%, 1.0%, 0.3%, and 0.4% ofthe total number of transformants for experiments with oligonucleotides 1, 2, 3, and 4, respectively. Positive colonies were isolated from a second transformation in which DNA extracted from the initial positive colonies was used to remove wild-type segregants. All of the secondary transformants were positive with the exception of that from oligonucleotide 1, in which half of the transformants were negative.
Final identification of the mutants was carried out by DNA sequence analysis (Fig. 2) . Sequences ofthe mutant DNAs were identical to those predicted from the mutagenesis.
Production of the Lipoprotein. JA221 lpp-/F'laciq cells carrying pKEN125 or its mutant derivatives (I-1, 1-2, 1-3, and 1-4 for mutants isolated by using oligonucleotides 1, 2, 3, and 4, respectively) do not produce lipoprotein in the absence of iPr-S-Gal, a lac inducer, because a DNA fragment containing the lac promoter-operator region has been inserted in the lpp (5). Therefore, to examine the effects of mutations in the signal peptide on the lipoprotein assembly, the Ipp gene was induced by iPr-S-Gal and, 20 min later, cells were pulse labeled for 10 sec with [3S]methionine. Total radioactivities recovered in the immunoprecipitates with antilipoprotein serum were 76%, 75%, 48%, and 45% of that of pKEN125 for I-1, 1-2, 1-3, and 1-4, respectively (data not shown). This indicates that the mutations affect the overall rate of lipoprotein production (lipoprotein plus prolipoprotein).
To further examine the effects of mutation on lipoprotein assembly, the membrane and the soluble fractions were separated and treated with antilipoprotein serum. The immunoprecipitates were analyzed by NaDodSO4/polyacrylamide gel electrophoresis. It is known that there are two types of the prolipoprotein; unmodified and modified by glycerol at the cysteine-21 residue. The modified form can be separated from the mature lipoprotein by a NaDodSO4 gel system using Tris HC1 buffer. We found that there was no accumulation of modified prolipoprotein in any case (data not shown). However, when analyzed with a NaDodSO4 gel system using phosphate buffer, the A B unmodified prolipoprotein was detected in all cases (Fig. 3) . The slower moving band was identified as unmodified prolipoprotein because it formed a dimer in the absence of 2-mercaptoethanol due to the unmodified cysteine-21 residue (data not shown). Fig. 3A shows that the amount of mature lipoprotein in the membrane fraction progressively decreased as the net charge on the amino-terminal region became more negative: Fractions from I-1, 1-2; 1-3, and 1-4 had 77%, 66%, 40%, and 7%, respectively, of the amount of mature lipoprotein in pKEN125. The amounts of unmodified prolipoprotein, however, were at aratherhigh level in all cases; 12%, 12%, 7.2%, 5.2%, and 8.0% ofthe amount ofmature lipoprotein ofpKEN125 for pKEN125, I-1, 1-2, I-3, and 1-4, respectively.
In contrast to the membrane fraction, the amount of unmodified prolipoprotein in the soluble fraction was dramatically higher in the case of [1] [2] [3] [4] (Fig. 3B, lane 5) . The amounts of prolipoprotein in the soluble fraction were 90%, 113%, 96%, and 338% ofthat ofpKEN125 for I-1, 1-2, 1-3, and 1-4, respectively. The prolipoprotein of 1-4 remained in the supernatant even after prolonged centrifugation (for 4 not shown). Furthermore, only a smtll amount of the soluble prolipoprotein (15%) was found in the periplasmic fraction, which was prepared by osmotic shock without using EDTA (12) (data not shown). These results indicate that the prolipoprotein of 1-4 accumulated as a soluble protein in the cytoplasm.
Pulse-Chase Experiment. To determine whether a large amount of the unmodified prolipoprotein found in the soluble fraction of 1-4 could be secreted across the membrane and processed to mature lipoprotein in the outer membrane, a pulsechase experiment was carried out. As shown in Fig. 4 , the amount of membrane lipoprotein of I-4 increased substantially during the 2-min chase (352%; Fig. 4, lanes 1 and 3) . This increase in membrane lipoprotein of [1] [2] [3] [4] can approximately account for the decrease in soluble prolipoprotein during the chase (Fig. 4, lanes 2 and 4) . The total amount of immunoprecipitable radioactivity in the cells did not change appreciably during the chase. DISCUSSION We have shown that the positively charged amino-terminal region ofthe prolipoprotein plays an important role during an initial step of protein secretion across the membrane. Assuming that a formyl group is attached at the amino-terminal methionine ( Fig. 1) , there is a +2 charge on the amino-terminal region of the prolipoprotein due to lysine residues at positions 2 and 5. We kept the lysine residue at position 5 intact in all mutants so that the length of the hydrophobic section or the distance between the charged amino-terminal region and the cleavage site was unchanged.
As we changed the net charge on the amino-terminal region from +2 to + 1, 0, and -1, we noted two distinct effects in the mutations. First, the total lipoprotein production due to the inducible lpp gene (prolipoprotein plus lipoprotein in the whole cells) or the rate of lipoprotein production appears to decrease; the cases of + 1 charge (I-1 and 1-2) show a lipoprotein production that is 70-80% that of pKEN125 and those of 0 and -1 charge (1-3 and 1-4) show productions 30-45% of pKEN125. These mutation effects on lipoprotein production cannot be attributed to the formation of a more stable secondary structure in this region of the lpp mRNA, which would inhibit the rate of protein synthesis as in the case of the lamB gene (13) . Thus, lower lipoprotein production in the mutants may be due to an increased susceptibility of mutant prolipoproteins to protease digestion. However, this is unlikely due to the observed stability of the 1-4 prolipoprotein.
The second effect of the mutations is to inhibit the rate of translocation of the mutant prolipoprotein across the membrane, especially in the case of 1-4. The change ofthe net charge on the amino-terminal region from 0 (1-3) to -1 (1) (2) (3) (4) 
